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a class of liveness-enforcing Petri net supervisors
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Abstract: S*R (systems of sequential systems with shared resources) is an important subclass of Petri nets used in ana-
lyzing and solving deadlock problem of flexible manufacturing systems (FMS). Control places and related arcs are usually
added for all or some of the strictly minimal siphons (SMS) by the existing S*R-oriented deadlock prevention methods.
The defect of such methods is that there are redundant control places in the generated liveness-enforcing supervisors. For
a liveness-enforcing S*R. supervisor in which each SMS has been controlled by its control place, this paper proposes an
integer-programming-technique-based method to detect the redundancy for control places and simplify the structure for the
system. Then, it can produce the liveness-enforcing S*R. supervisor with simpler structure and more permissible behaviors.
The main idea is that if there is already a P-invariant in the net which makes an SMS max-controlled, then the control place
added for this SMS is redundant. Because this method doesn’t need the reachability analysis, it can avoid the state explosion
problem, and therefore it brings about high feasibility and computational efficiency. Finally, the experiments validate the
correctness and feasibility of the proposed method.
Key words: Petri net; flexible manufacturing system (FMS); siphon; deadlock prevention; integer programming
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7E 2 M il i & 4i(flexible manufacturing system,
FMSYXH AR IR AT AL B Cad A op, i 22 3G
ELSET RGP A IR B, k] B S EUR
GEsAT I ZEB. ZEBUR AR I, RGP Ay B 4
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I3 B 2 PEARIE T B A AL PR, AR SCRI ISR
X —Petri P T RLAE Ay BFF FCFMSSEA T i) LK)
Hoe T HE AR E R ).

Petri ¥ 1, {5 #x(siphon) & 15 46 48 B % % U)) A1 %
() —Fh b, DA IFMSHL Y [ SE A TS5 55 s 10
K FH OG0 3 B35 4 350 7™ b A 2N B (strict minimal
siphon, SMS)¥s 42 il 2 BT A ARAIE 1% 15 b e B K32
PRI, o 75 255 1 Petri X 425 il #% (liveness-enforcing
Petri net supervisor), A Tfij 55 3 GE Ji 284 I 1) ZE 4 458
14081 yT M Peri I 425 Tl 2 11 45 84 52 2% B RAT
FoVF R AT A A B LB I H R K. i
Ak, AR A A R T 42 A, TRl G621
RGN G IRSE, Y& AT A AVFREX—H 1, 5T
N RETF T VF 2 A7 R TAEP-19. STk [10]3€
W, X6 SARIN AN SMS F3 IR Jin— ANl e A&
73 20 3% MR 28 10 78 23 45 4. LifIZhoud tH [ FE A
5 PR B BTE SMSHE A R /3 A SEAAT b FI B A5
FRIIZE, FEHEH, TS 0 S ARAE AR S I AH B 4
Tl ZE T, St nT DAAS 2035 1 MY, AT faf A6 T3S PES RN
FEHAO AH 2SO T, ST IR AR T 1)
T PESAR I 42 1 25 0 SR A A TU AR R 5 ol .k ik
— P MBRTUAR, 43 31 45 b S ) S 1R 4 U 4%, AL
P T Tl 3 1 A SO R 5 A v P 4 o 2 T A
7k &7 E e CL = ondl i 7 AoE T SMSH I
4 4% (monitor), B — AN FE A8 AL 5 T IS I ¥ 1
P« W4 P—ANAR QUL S e P WA E3 AN e 3R AR
Ji A I K T R SAR M AR — N SMIS T Ik 45 A%
AL R B K2 AR B B, H A 203 PES R 4241
& &IE RIS T, W RARAE A P-A R A A
HASMSif AL B K2 55T, I HIXASSMS il
JE I AN T P-AAZ X SRR, T84 1% SMS
P B IS R TUR . SO a4 T AN
(R AR 0T I T A3 1R M 4 s 3R AT SR A FT I B S 491
T, AR SCHRE IR T VR AR AL T 4 AR 0 &
g, T A T R GEAT O SRV
2 Petri™ & S*RFEA i (Basics of Petri nets

and S*R)

Petri 2310 Y o4l &R, BIN = (P, T, F,
W), Hrp: PR —AHWRAESESE, T2 MR
T4, PNT = @, PUT # @; F C (PxT)U
(T'x P) A &4 W: F—-NT(Nt={1,
2, DAREERINAE, M HAUCYY feF, W(f) =
1, XN = (P, T, F, W) ¥ il M (ordinary net), 1]
LLEMEN = (P, T, F). #iVfeF, W(f)>1, KN =
(P, T, F,W)X—f M (generalized net). 45 E — 4%
TteT, t={peP|pt) e F}, t ={pe P|{t,
p) € Fh4E—MEpe P, 'p={teT|(tp) €

F}, p={teT|(p,t) € F}. V€ PUT, "zNz"
= &, WKW N K —A4l ¥ (pure net). £Vt e T, | t|
= |t"| = 1, WIFR M N &R AL (state machine).
BN bR RS M P — N(N = {0,1,2,
1), M(p)#R IR Prp 98 £, #5188 O
5 7 BT R, FR(N, M) AR iR N, Hod Mok
W N IR AR TR, A SR FH — i 5 16 7 2o )
LU A, BRI D M (p)pRsin#EM,

peEP

WENFTRM (N, M), i

Mo = 10p7 + 10p11 + 2p12 + 2p13 + 3p1a + pis.
S At AR BRI RE T SRR, AR (N,
M), FRAEITt € TAEARR M, R R RER, 24
HA YYD € “t, Mo(p) = W(p,t), i HM,lt). —4>
ARSAERE M bR UL REBS BRI, WOR G AR A M,
Vp € P, M(p) = My(p) — W(p,t) + W(t,p), i
AM[t)M. 0 = tity - - - b RN KR, A5
W5 L Mo [t)) My [ts) - - - [tr) M., BIMo[o) M, W Fx
M JE Mo AT kR BN, Mo T il ik bris
F£iL N R(N, My).

EX 1M 25— PetriN = (P, T, F,W),
v = (21,29, ,ap), e Gifle; € PUT, i €
{1,2,--- Jk}, k e NtHE > 1. Vi € {1,2,---,
k—1}, zipy € i, WIRRy N EEAR. 7882y IR 45 1
HAHRICK R 45 B AL, WIFRZ AT R My By,
) — IR AT, T TEP (2, o) £ 8.

EX 22 2y — MR (N, M), WRvYM
€ R(N, M), #3M' € R(N, M), {43 M'[t), TIFx
3Tt € TR, 25Vt € THEETEI, MIFRAR I
(N, M) 23511

EX 38 g —APetriMN = (P, T,F,W),
|P| = u, |T| = v, AZMNFCEHEE, Alt,p] =
W(t,p) — W(p,t). AP E w8 I, T # 02
AT =0, WRTZEMNIE—DP-AEK | I =
{p; € P|I(j) # 0}y P-AAER I o34k, || 1) =
{p; € PII(j) > OPNIMIESCHEE, [T = {p; €
P|I(j) < Op I ASTHEER. FR—A P- A2 )
AN ELANCH IR S AR AR RN AT A At P—AS
RS HE AR, R — A P-AAR T 2 41| 1|
# @ H|I||~ = @, WA P,

EX 4B g —APetriN = (P, T, F,W),
5SS # oHS C P S C 8 (S C *8), Mk
SRE—AMEARCEBD. —/MEbR DB BACUA
AL AR R L TR, 35— MR ME A
AEA] CobRic F B BIE, IFRIL S SMSS; 5 ), Bk o ™
KRR ME Fr.
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EX 5B g — R (N, M), SZ&MN
[ —MEhr. WRFRIRM € R(N, M) F, 3pe S,
3 M (p) > max,-, H ' max,-=max;c,- {W(p, 1)},
MFRSTE AR AM N 52 Bz K broid ) (max-marked). 411
B TYM € R(N, M), STE AT kb M F %5
H AR L, WIFRS 2 B K 525 ¥ (max-controlled) {5
.

I 108 g5 —NFRIRN(N, M), SZEMN
() —AME b G 50 A7 7 P—AS A2 X [R] )3 A2 DA
T3, A GRS & T KA. ST

D | I][* €8s

2) Vpe (Il NS), max,- =1;

3) > I(p)My(p) > > I(p)(max,- —1).

peEP pES

EX 6D 45— AR (N, M), Wi w o
BRI IR B I i RS2 11, DU 12 I 3 2 e
K235 bR (max-controlled siphon property).
SARIISE— AW GE, AT RN = Oser N
= (P, T,F, W), 3+

D N; = ({pd}UPs, UPR,T;, F;,W;), i € I,.

2) P = P°U Py U PrielETsE &kl oy, Ho:

Py = LJ }24w 1?417é 9,
iel,
fﬂh r]fb” =0, 1 7é(j,\Vi,j e l,;
Pp= U Pr, ={ri,r2,- - 1},
iel,
m e N*; PO = | {p}.
i€l,
PY Py, Proy mlBr 2 R PEF R & L7 i 4
G WIEEEITES.
T =UT, T #0 LN =0, i #
el
J, Vi, j € 1I,.

4) Vi € I,, TN IR Pr, FLAR 5 £2 9K
RN (Pa, U {pY}, Ty, Fi) R 58 AR 2
B, Hrh ARSI A 2 .

5) Vr € Pg, fFEME—1NP—F-T, € NIPI,

Wi{r} = L[N Pg, I(r) = 1L, P°N||L| = 2,
]?A[j ”1}‘|7é .
6) Pa= U (IL[\{r}).
rePgr
EX 8P 4 —AS'RMN = (P,T,F,W),

Vr € Pr, FRH (r) = I —r 0 96U 044 58, || H(r) |
H PR IR B, R B A B A 1%
PO 1 L T KA BT
IF)TI'E—\‘SL;RIW(NI”MH())EPZ
Py = pr, Py = P11, Pa, = {p1,p2.P3, Pa. D5, D6}
PA2 = {ps,p9,p1o}, P31 = {P12,p137p14ap15}a
Pr, = {p12>p13>p14}-

W R AT 44 B BRI AR SR R BR /D P—F i
L, ,=2p, + piotpi2, Ly, =p2+ps+po+pis,
I, = ps +pe + ps + pra;, Iy, = pa+ pis;
3/MSMS:
S = {p37p67p97p137p14}7
Sy = {szps,P107P12ap13}7
Sy = {p37p6,P107p12aP13,P14}-
A TR BE B, i B 34N SMIS N BA 5 i, A R
J8 R B R 2 P TR A b, T AR T A (8 W) /NS A 3 A
TR IEREPE, AR, O 2R KZ
FEI, BIE TG o 53 s il i (N, M), % T
A7 R B AMEFES = {py, pros pra}s £71EP—AAE
AL, = 2p1 + pro + prili 251 H1H 4 FD-3),
RS 2 e K2 2 AR .

Bl 1 S'RIM(Ny, M)
Fig. 1 S*R (N, M,,0)

1 4%w—AS'RMN = (P,T,F,W), I)&—4P-
A SRS C P2 XI\S= Y I(pp;INS#

pEP\S
@FR3p € S, I(p) # 0. #FSHE:—1SMS, E XTh(S) =

S L\S, HhSp = SN Pr, BRP—[ARTh(S) 1) 50 #45%
reSr

NAEHRSIHIAME. p € Th(S) Mp € | Th(S)||HIfaER .
B M
Sy = {p2, s, P10, P12, P13},
A2,
Th(S,) =
> LA\Sy = (Ip,, + Ip,,)\S> = 2p1 + po

reSsNPr
R Prp PRI — NMTHEI, Sob b2
P B R I — N E I, So R 1N
H.

SIH 25 45— ASTRM(N, M), Wiz M
WAL I K AEAG R L, AR (N, M) S 3 1.
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1 52 L6 H] 4, FAHAFSIRIN (N, M )il /& 4 K%
PEAGARRE W02 5K R e g — S AR M AR AR i K
ZEI). TS R RS (AR /ME bR A R K
ZAREIIBL R, 5 EA BESIR I, H g M
fRISMS, i 2L B Ay d5e K2 425 (AR b
3 IR e TR 228K (Monitor

definition and redundant monitors detection)

AT 58 8 M Petri ) 1 45 25 LA KSR 4145 T
RS NS, R4 HA G TR B IR T
or 773

EX 9 B MFM (N, M), N, =
(PPUPLUPR, T, F,W), SAEMH—ASMS. K
G TTIENS TR YA (N, M0 ) U8 I T P2 BT Vi SAH 56
N, H Vs WI R ME I M, (Vs), S 29 e
(N1, M), For:

Nulz(PlvT’Fl,Wl), P1:POUPAUPRU{VS}7
Vpe POUPAUPR, Mil«l(p) = M#()(p)

1 (N, M )T AR E P-A A S h s 115502 e K52
1, Hhsili2{Vs} C [lhs|, [lhs][\{Vs} C Pa,
WFR A = e A (Vs, My (Vs), hs) B ST P-A 2
AR R R IR L), —JodlH, I
TCER Ve I PEHI I, 5520 J0 3 M (V) R 58 1 2
FTRIUAAE, 553 05 he A 4 P-AAE

2 FIA AR SES, W% R e
FEH R I 1 [ISMSSE 4 W I, BT = {S|(Vis, My (Vs),
hg) € IT}.

R W R SO, PP s TR A
71433, BE IR IE I EAME— AR SCA R R
TATAT — Pl e 1 I 45 48 vk 7 vk BALISE N AE 3L
Mk (917 $1& (R SAR W ZE 8 T Bl 7 vk A ], SR iz
158 P-AAR S h o W 38 7 35 T 43 B 4 e 4T3 &SR
W, Haz iAo 80N = A8 AR K 32 33 10
ek, Bk T:

EX 100 4x —2S'RMW(N,, M,,o), N, =
Oier, N; = (P° U Py U PR, T,F,W), SH& M —
ASSMS. il i LU R 18 S 1) i 4% P- AN L hg:

TB;1 WiE— AN e P-nREks:

D 2{a,B, -y} €L, ff3Vie {a, 5, - ,7},
Th(S)NP4, #oHYj € L\{a, B, ,v}, Th(S)N
Py, = o

2) Vp € P°U P4 U Pg, ks(p) :==0;

3) VpeTh(S), ks(p):=Ths(p), hTh(S)=

E Ths(p)p;

peETh(S)
4) Vi € {aaﬁv"' 37}’ é\ps € Th(S) N PAlﬁi
3V € EP(pu, 1Y), pu € p%, pi ¢ Th(S). BBAT

-,m} C Th(S) N Pa,, X TVpk, ©p, € EPQY,

PV Ths(p) > Ths(pw), Voo € EP®Y, pF) N
PAi- Xﬁﬂ:VPv, 'fi?%l‘Vpx S EP(p?,pv)ﬂPAlﬁks(pm) :

= Ths(p.). Yp, € () EP(P?, p¥) N Pa,, ks(p,) :==
k=1

Ths(pt), Hthpt € Th(S) N Py, HARfEAp €
Th(S)N Py, # /L Ths(p) > Ths(p®).

TB,2 Lgs=ks+ Vs, gsit— NP4,
PB/3 WP ALhs= > I —gs.

reSNPr
BIFTRS R pf =pr, Pa, = {p1, P2, D3, Pa
p57p6}7 pg =pu1, Pa, = {p87p97p10}' S1= {p37p67
Doy P13, Pra} i ANSMS, Th(S;) = pa+ps+ps.
156, B X102 51192)—-3) A 14Vp ¢ Th(S,),
ks, (p)=0, iliks, (p2) =1, ks, (ps)=1, kg, (ps)=1.
RIG, T ARG Py, TN, MR35 20 B 14) m]
H
ps € p3, Vp € EP(p3, pY), p ¢ Th(S)),
JH
pe € p5, Vp € EP(pg,p}), p & Th(S:),
SRR A K
ps = D2, P2 = D5, Py = P2, P = Ds.
N HH
p1 € EP(p{, p;) NEP(p], ps),
" A3pl = po(Bpl = ps), Blitks(p) = 1. A2, 5
M Py, T EERT,
po € ps, Vp € EP(py, p3y), p ¢ Th(S1),
Jliqi)

pL =ps, pb = ps, ks, (ps) = 1.

B, (GRS, E@jkﬁp—fﬂ%ksl = p1+p2+ps+ps.
P-A%Rgs, = ks, +Vs, = p1+p2+ps+ps+Vs,,
Vg, A8 0 R 2R T

Z IT” = I;D13 + IP14 =

reS1NPr
P2 +ps + po + P13 + P3 + pe + Ps + P14,
hg, = Z I —gs =

reS1NPgr

P3 + D6 + Po + P13 + p1a —p1 — Vs,
SR, hs, Wi 2 E M Vs, } C ||hs, ]| [[Rs, [\
{Vs,} C Pa. #5 RAGEONFE T PV, e B A i
IRIARAEM 1 (Vs, ), AR ( N1, M), SifEhs,
VR TR S ds K2 A5 .
318 30 4w —ANS'RM(N,, M), N, =
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Oier, Ni = (P°U P4 U Py, T, F,W), S/ —
ANSMS, K & 10/ J7 v Sty 3 s 45 P—RS 25
Xhg, FNEETEM(N,., M,y), Na = (P, T,
Fy,Wh), Pr=P°UP,UPRU{Vs}. WM, (Vs) =
M, (S) — s, &s € NTH Y hg(p)(max,: —1) <

pES
€s < Mo(S), WA &M (N1, M), STER#
5 (Vs, M1 (Vs), hs MERT N s K211
E 3 PRes MBI A L G PESTRIF £ i 2
SRAT T 5 BIAT R SRV JE, A AT B SR € g 1A L 8 /) 8 2 (B 45
1l J2E T 4] G A B e DR, IR ke, A S0 g — MR M e /N,
Blieg = p;s hs(p)(max,+ —1) + 1.

Kk, Eek73S, 1 I # P-AAE
hs, = ps + ps + Py + p13 +p1a —p1 — Vs, .

R 51 B3, M, (Ve, ) HUE J M,0(S1) — &, I,
Sy K2, Horp:
fsl S N+,
ZS hSl (p)(maxp' _1) < gSI < Muo(s1).
PESL

HH ZS hs, (p)(max, —1) =0, M,,o(S:) =511,
€51

Eo B ML, M,y (Vs,) = 4, I C R AISMSS,

M4 (Vs,, Ma(Vs,), hs, ).

EX 14— ASRE(N,, M), N, =
(P°U Py U Pr, T,F,W), |Pgr| = m, Ogk Mt
AEBSMS 4R &, XFVS € Og, WE M8 (Vs,
M, (Vs), hs) 1513 S B d5 K2 ¥ 1015 br, AT
19 5055 HES R I 45 058 (N, M), N = (P T,
Fi,Wy), P, = P'UP4, U PrU{Vs|S € Og}.
VS € Os. WRAFHEP-AERT = f:ar 4

K2

Z aSthl, ;H\:EP Vi S {1727 ,m}, r €
S’€0s\{S}
Pgr, a; € Z(Zﬁ%&ﬁ), VS e @S\{S}, as €

Z, hg ASMSS’ [ P-ANAR S, T 2
D |[Is||t € S;
2) Vp € (]|~ nS), max, =1;
3) > Is(p)M,.(p) > p%JSIs(p)(maXp- —1).

epP,
RUFRSMS S I £ 8% (Vi, Mo (V). ) 41477 A%
B, R B 2 (Vie, Mo (Vi ), hs)| S
€ O5\{S}as # 0} WAAITCR B4 (Vs,
M, (Vs), hg) 02

%U%ﬁgﬁ\%%%ﬁ(‘/s,Mul(VS),h5>IEéE‘j‘JéE/E(\
JUARY, AT LLIE I SR A A8 SO e JOR S B, 2R 1%
AT AT, 4 (Vis, Moy (Vi ), og) i 4170 &
R FERS R, ARAGIOARM A, IR A
LI

RIS — 35 P Petri X 2 ) 28 1Y LA AR S 5 440 7 4K 677
HESRREC min(Y- |ai| + Y2 ag]).
i=1 S’e0s\{S}

LIRS A

Is =) aI. + Y ashg,

i=1 5'cOs\{S}

a;,as € 7, ()
| Is||* C S, 2)
Vp e (| Is||” NS), max, =1, 3)

> Is(p)M,1(p) > > Is(p)(max, —1). (4)
peEP peS

L], CL40 SR (N, M) T, Pr =
{P12, P13, P14, P15}, | Prl=4, SMS£5 65 ={51, 5,
Sy}, X kS iR (Vs,, M,u(Vs,), hs, ), X
FH RIS 5 1SR A3 HAR AN SMS IR I 45 28, F 34N I
AT

D (Vs,, M,1(Vs,), hg,):

gs, =p1+tp2+ps+ps+ Vs,

hs, = ps +ps + po + P13 + p1a —p1 — Vs,

M, (Vs,) = 4.

2) (VSQ7 M/tl(V52)7 h'Sz):
gs, = 2p1 +ps +po + Vs,

hs2 - Ip12 +Ip13 —9s, =
D2 + ps + pio + P12 + P13 — ps — Vs,
M(ng) :2

3) (V53a Mpl (V53)7 h'S3):

gs, = 2p1 + 2ps + 2p5 + ps +po + Vs,

h‘Ss = IP12 + IP13 + I;D14 —49gs; =

P3+pPe+piotPi2tP13+P14a—P2

M (Vs,) = 5.

b A 20 % PES R 45 45 (N1, M, ) W B2
7. I AR 1n) @K A T 1S AR S

IS1 = IP14 - IP12 - IP13 + h’52 =
P3 + P + P1a — 2p1 — py — Vs,

B AE v G0, R TSy, I W A2 E 1L 45 £41)-3),
RIS, 76 Is, B A/E N 2 K21, KWk (Vs,,
M, (Vs,), hus,) J 41 4 70 & %06 5 28, 117 (Vi
M, (Vs,), hs, )& B L. [FBE, XTS5, P-AER

IS:; = IP14 - IP13 + h52 =

— s — Vs,

D3 + P + Pio + P12 + D1a — P9 — Vs,
4355 2 T K2 A5 AR, I (Vs , M1 (Vs ), hs,)
RN AIUR M IRELS, EMEERESR Vs,
Mpl(ng), h’Sz)'
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9 (N, M )i A 05 K2 2 (B O, 5] B2 )

Bl 2 f K24SR (N1, M)
Fig.2 Max- controlled S* R(Npu1, M)

4 5 PES R % 1 2% 45 ¥ 1 4k J5 ¥ (Structure

simplification method for liveness-enforcing

S“R supervisor)

ARATH, W T AN oA W AN SMSHERBEE T
A5 A (0 35 PES RN 43 il 2%, vl 7 AH N (1) B )
B R A R AL A AR R 45 3, T IA 21 1 10 %
PESR W42 il 45 1 H 1.

EE1 42 ASRM(N,M,), N, =
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Table 1 Results of Algorithm 1 and the performance
of the liveness-enforcing supervisor

(Noi, M)
G e A e L o
NI BRI RS
Vs, Vs, Vags Vs 4 19 5226
Vg, Vs Vs, Vsig 4 19 2570
Vi1, Visas Vasy Vs, Vi, Vsie 0 30 3972
Vsa,s Vss, Vsgs Vs Vs 5 26 4458
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Table 2 Comparison of liveness-enforcing supervisors
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